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Abnera

A conceptual engincering design of a  fumaion
reactor based on plasma ronf ineuent Ln a toroidal
Reversed=Field Pinch (RFP)  configuration in
doscribed. The plasma {a ohmically ignited Ly
tornidal plasmma currenta which alao  Inberently
provide the confining magnetic “ieldn In a
toraidal chamber having major and ninor radil of

2.7 and 1.9 m, respertivelys The DT plasma
ipniter in 2=} 8 and und rgoes a transient,
unreiueled bwarn at 10=20 ke tor ~ 20 8 ro give o
PT hurnup ot ~ 50% The S5=n duell period  between
burn pul ied for plasma quench and refueling al lows
steudventare oporation of all thers .l sysress
outable ethe Tirst wall; no auxiliary thermal
capacity {4 required,  Trit e hreoding occars  in
n  prannlar Li,n hloaket vhich 2 packed around an
array of paullally orlented water/stesan coolant
tubeas  The alightly  auperheated stoam omerging
from this hlanket directly drives a turbine  that
produces oloctrieal power at an efficloncy ol 10T,
A buratml=water 9bhield in locatod  immeddiately
out il the thermrl hlanket te protect the super-
conduct ing sy colla. Mtlh the supercominet ing
polabidal and toraldal fleld eofls are encrglzed by
homopolar atnp/generatorn. Areointing tor mil
mafr onergy sinks vields a coqt=optinfiod avarer
with 4 recirenlating power fraction of Nal2y the
pwel output Is 750 Méde(net).

1o Introduction

The conceptnal  Rever wd=Fleld PMioch Rearctor
(RFPR) atmde! s orphaqasml the  developuent  and
ovalual fon of a4 reallstie rodctor=plasma model) an
exdtepaiye paraseter Atwdy hased on this mude]  han
foennod on a avyqtom with winima poer coat,s Mo
mijm priorittos andZor conatraints are  (opoued.
Firat, the eaglinecring  avalon gaes only eonvon=
tional tochnolopgy when posaihley  and,  socondly,
the eawer of  plant maintenanes 14 gteeaneds The
First=wall-h'anket . nalats of a4 water=conlal
Sopper amd statnlonas=gtoel 9l raetape, With 1eit him
hroamding aeenrreing in a graambar=t (0 g kod hel's
A direct=eyrlo,  low=uporhe it atigm syatea (i
therohy  elimtaaling a0 expentize
whiry  conlant  Ioops ohmie heating of the BT
plhima ta danftlon B fnlerent v made posithle by
the RIT econl fnerwent LTOITU U A bl elihpen
Ginretaelad) operal bon 1o alas chosan 1o ol imin,
iz el i/ lmpurlty contial Glessrtora)  anil
fueling avatoma, althomgh  Ateadvaut ite operat Ln
o ot e et iy preeaded by the REP approgeh,
The |\lll-l|"| uipied camphiet fap i [T 1unr

Work  pertotee !l amder  the  auepleoa o the '3
Dopar-ment of Tnergy, 00 {oe ol Fsrhon 1 nerpe,

annnciaced energy  atorage  system  repredent  e-
velopmental  {tems,  although the magaer coils per
ae nearly meet  state=of- the-art  requirements
(maximum [(leld level =2 T, suximm fleld
rate=of =change ~ 40 T/n). Dotailed deafgne exiat
for the propused homopelar geaerators  that
enrrxlae the magnet  sytems;  the  homopnlar
generatora eonld be  replaced by ae machlnery or
fast-dincharge de alternators LIf these latter
technologios  prove to be cconomically ateractive.
Enne of malntenance {8 promiscd v designing for
the vertical rewoval of the reactor rore sdules
hy means of A remote mainienance  anit  located
within A comon vacmm tunnel without disturning
the supereonduct ing magnets.  GConfinesent  Acaling
for the RFP {:s  Independent  of toroldal aspect
ratio, allewing a mechaniecally pen structure  and
a more easily maint1ined syntem.

This paper d4tresses equallv the physaiea and
engincering anapeets of  the RFTR  desntan stwdv.
After dederibing the unlque physleal principles of
the RFP (n See. 11, these principlea are applied
fo See. T as the physleal badis usod to simulare
the plamsa burn and t+ extimate the
roaector performines:. Me projectond  seactor
engineoring  and  technology  are  dederisod in
Soc. 1V, which rirst ad - odneya the plant
aml maintenanes (See. 1VLA) aud unh
mmrarizes major reactor subavtoms (Giecs VR,

[1.  Physleal Prineiple.

Line the tokamak, *he RFI in a tor Hdat,
axlsvmme rlie  confinem 1t devten, RBth  nydteme
uned A eomhination of polefidaly By, and toraldal,
B, . magnetie flelids o confine 1 plasma in A
ni mm enerey utate,  The pototdal field tor hoth
avitoms ba o epeated by (ndueing throneh transd orined
aetion 0 a1 enrrent, 1, Wichin the plasna
calummy the toraf il teld Iq cveded by external
volla, Fipure 1 cergpures the radial tHeld and
prosre praf flea tor vl the RFPF and  1okamik
uvnlomts  Tortofd il equitibrfum can he progidod by
efthrt g conduet fnp shell Leetsld gear the nlarma,
an oxtornal  vertfeal ptfebd o 2 coabinat fon ol
both webomeas The 0FP regquitea a condip Uing thell
for phawmg atabtbisatfon adnat anatable mipn o=
lovd poudviaamte (MM mendes with weeelongthn {n
oot ol the ahel ]l rading r.. Wheteas the
tolamak =av ol n varfly be -mh‘r--"l--ui o thia
Foegil ement . Toecallsod MU moden in the 2FP are
anpproacad by the atrongly ahesrol migmet (e Febds
canaml by o oalipgay tegeraal of the torablsl ekl
At the ploeaer odees Althongh the tobamik mavy ot
require a4 rominet fog el weay 0 plane=a catomn,
Aceblanee ol the biak  fnat bty et ab] fulney
pee I e Foopui psent s on The relatfee mapnd tinde ot
Bye Buo the plusaa rading, vy Al the major
radina of 1he tapes, R 'iphlllu-nllv. tor the
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Fipe 1. Corparisen of wagnetice  and  predsure
prafiles L.r a dgq/ldr # O atabf!{zed RFP and 4 q >
1 arahi {a2ed tokamake.

tokamk the piraaeter o = (r //Y(R /H)) misl  he
groater  than wnitye The erlterioh > 1 amsuren
that MM kink modes with werelenpgthe In oRevas ol

the mijer  clrenaferoy will he  «table.
Expot lmental salnea ol o = P=V at the planas adpe
are requlred tor stahle tokamak operatlon. tn the

othe r hamed, tier REP operatey with g lenn than
unitv, q  actually talllion  thrgh  2ero and
boconing negat 2o ont tde the plawaa reglon. The
proscimee ol g paanlyee combiel ing aliell replaces
the q > 1 avability eriterion with one tha.
roquires GlgAdr) 2 0g that (e, the varfation ot
the plasm/ideld  shear should not sahlhite a
minfmm  in  the peplon onelodod b the condiei fng
whells The reactor discdvant ipea adaee fatedl with
(panalyeY  wall atahilizatlon o Gaetive)  eofl
atahi Hzarton af countorad by the advantapes e
RFP  approach oxlilblts when npot connt ralned by the
g > L ertterion, tmporition of the q -~ |
eonstraint (nplies wmall walues of R/ramd R /B,
whirh In turn ereate the ol hwing ||r-||:|.-n-||

® Cilwee the pl e prossurs {n swiont fagdy hetd
by the palapdal  vdeldy the ratlo of ploeuss
provanre ta total fleld prosanre (Lo, the P
parunrag) v wma'l, faplytnes umdor-
uttifaatten of muwenet e fleld rnergy pes unit
of fusfon vield,

® Gfoen Ry/B, an Mi=(ted il slnee practfeal
call de Gen et thllahen phive ol Timies o
the toraGlal Fleld, *he plesea eneent 1, bk
Hnmitedl, ™in Vim)t ) T, wenerally
proclhudes  atznttle o ohate heal tng, there
weaftat Ing more complox aml leas ol e bent
preeag heat g wchenes,

® The coiatralnt that q » |1 also leads to
limit4 on the p assa aspect ratio, R/r_. In
addition te engincering and uyutnpduniun
constralnts that arcampoary  lowv=aspect-ratio
toroids, relatively large inhomogeneivies In
the teroidal field reosult that in turn may
lead to trappud-particle inatabilities and
cnhancod tranaport of  partirles and/or
onergy.

® CGenerally, the q > | conatraint drivas thu
reactor denign to utilize the  highenat
poanible toroldal Fields and, therefore,
leadn tn a more difficult magnet design an!
the utorage of larger amounts of magnetic
energy per uniz of contalned plasma  ener .y
(related to the aforementi-ned A {8aue) -

The RFP approach enacentlally "difterent lates away"”
the q > 1 conatrnint impnded n tokamaks and in
fth plare nojuiresn dq/dr 4 0. The positive
impliration of the RFP atability criterion are:

® The aspect rarfo R/r_ can be chosen anloly on
tie hanin  of opglncoring consideratlons and
convenience (1.e., denired power  outpur  aod
related economie consbleraitiond).

® The M limits predicted for the RFP are
I1oant 1IN ro 50 tiowen  greater than q > |
syatems  IF {deal MHD theorles are uned.  The
pradictions of jondsrive MID theorien  reduce
thia (artor to the ranse =1

® The plawea mar he i2mitedd hy oimle heating
alone.

® The cov [lpement of high=to=muderate § pl sra
in achioved primartly e polofdal flelds,
which  charaeteri-*lteally decroane with
Inereaned  dlatanee from the plasma, therchy
roads fnge Flelds amd strosses at the spnetd.

® The uue of highly sheared  flebis pear  the
plasss  edoe for the REP cont lpur tlon maten

posathle a "waeam"  (Iowd current)  peglon

botween the plaama and 1ireat wall.

Al hough Impllcationg ol theyn  RFP
chavacter{st len are qipnificant from a

toechnolosgenl viswpatnl, the e bonelita are
aceomparlad by the need 1or g pasalenly conduet tnn
tirst walle  Addit lonallvy the enorgy that misat be
vapandod In satabi{ahing and myintaining the near
minimm=oner gy REP plamy (s not known, but {1
i wetap/ aeil enanes oneray [} st teant,
opnral oo an an obateallv=heted fpnft fon decten
fa Mide more ittt lanle, tant vy, DIttle or ne
ablepat b W e phden by thl o abde to the
phvsden feplieatfong of JTosling  and  anhe omoegl
upaler pmpteg tor o abeandv=atate operal tsng e
RIR adealn proaented here 10 hawad e a0 Tonge-
{*n.n uY  Wabclhi=mnry operiat lon, e

enersy bl wmee (peclial dine [
teactlon 1o 018 computed tor the halchaburn mod.
af operatfon Fod leeta an et fefedl aue ol mig 1
tield onerey that P chanaelev ot e o the REpP:
tochanlanteal fqumen v Cibed with palam) pen -
cotdge e magnet o el oenerpy Prannter/ stoargge
avalme, hothersy g togqulre turther desolopment ol
wtiely .




Stable field profiles within the plasma, an
exarple of wvhich ia  il.astrated in Fig. 2, are
modelod by  Bessel functinns. These profiles are
fatyy “ated aver the plasaa radlus ta glve the
time=di-. sudent, print=plan 2 @ndel used in rhia
atudy. Generally profiles that  are  stable
accordiag ta  ldeal=IM cheories have heen found
nmerically If the following threc constraiats are
imponedr

r
® net posftive torafdal flux: [V I'zlr_'r > o (1)
o

® polaldal # limir: 3y < 0.5 + Rythy = 0) )

® juvdam erleerion: r (dlnvldrﬂ'-' +
:dpldr!‘unl.l; >0, (@ )]

where Ho (B, ~ 0) In the 1o al & ar the zero polnt
of the t. --\iu.ll field, p fa the plasma pressure
and dtav/dr ia the mgnetie fleld shear, A, vith
v = By/rRy = 1/qR. The firat two condition. are
imposced on  all RFPR burn conditions, whervas the
third condition cannor be  directly  enforced
hecaune of the point madel used. The Resacl
function prefilen, howev 'r, are a pood  approximi=-
tion o profilesn that  satisty the Suydaa
eriterion.

The reactor  computationd assnme  Field
reversal  occears Apontaneoudly  and (8 maintained
autonitically throunghout the burn period by plasma
rolaxat lon procedacs or inatabl it ey, Solf-
rederaal of the torddal Cleld (3 an expertment il
facrt, but tae ansocfted eneragy lodan I8 not mwn
for large Jdoviced, The enerpy Joas  adamee Latod
with thi wustalood s lf=revernal, theroefare, v
anureed  ogqual o losses meadured Jrow lace
[ experiments yenerpy continemnt e
oqual approximately to 290 Joha  JdiTudion tiwe s,

lliulln‘ . That  uellf=res-rsal oceards In not In
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R UL mrwerbcally with the Becioleton ¢ hn
prottle . aowd 0y wenerate the poine REPR ploema
Al

quentisng the  self=povers: ' state han been
ohderand in mony RFP |-upd.-rl‘n-||t-| over the last 75
YOATH. A recenr theorys of relaxed atates Gan
lead to inereaded understanding of this sintmn=
energy, tield=reversed stace.  Gleen ary arhitrary
dinnipatlon mechaniam, this theory predicrs that a
plasaar  wurrommded by a flux conderving anell will
relan to g mirioum=onerpy state that I8 Lozeer=free
with 20T P This minimim=-cnergy state I8
described hy the Bedrel=function model  plven in
Fig. 2, Numerical cosputations have  confirmed
thia behavior for high-f, reversed-tield plasman.
The hkey descriptive paramerers in the Taylor
theory”  are the pineh paramecter, 0, and the
roverdal parameter, F, vhere

9 = da(r)V/<By> (€))

P~ I’(r“)h‘ll,- (5)
f '_'\ fr\-' 1 (

<H'_'- bl .lr' “ B, rdr . h)

Flgure 7 aluves  the  locuan of minlrum energy
ntates as dederibed by the F = 0 diagram; hoth the
analvire (0 = 0) Tavlor atare ind the nmerica,
hiph <  stgtos are  alown, The denfired Yield=
rivzoraed ntate  corrosponds to "« 6 and
Ja2 € <€ |t Hipgh=F RFF atated have be
ohbierdal both  eaperimental v aad mmerically tor
higher values of the parareter 9, but  the Tavlm
theory  pradicta an ultimate  pelaxation o the
mlulemyg onergy siates given on Figa V. It In
ante that  the minimm=energy  tokoamak wtare
deneribed W the Tavliop thenry an the lot  whoers
Fwel tor widchn = rllll. It by hoon asaumed in
modeling the RFPR that' wleimleat (ton ol eneray Lona
Ineurred  doring the field reversnl wonld ocear |1
the hien tratectory follow | clouely the F=) caree
rolts high=? counterpart (Fig. V). All RFPR burn
trajevtarin. deoptod Top Yhia ntide eclonety  track
thit lovut ol minimm=-onersy S et

! 1% AMAR
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II[. Plasma Burn and Reactor Design Pelits

This 8 ction sw.mirizes the physles models
and computational resultn 1 .ed to doderibe raactor
startup, thermonuclear harn an! postburn plasma
queach. The deaign presented hecein I8 based ¢n a
profile-averaged, zero=dimewsional (pnf.t) plasmn
model.  The polotdal and toraidal  rFignetic=field
profiles within the plases -~ Lemcribed by the
Buony: | [unctiors Ag! (ar) and Ayl (ar),
redpectively, which accarding to Hig. 2 alow good
apgrevment with  calculated MHD=atable profiles.
The zonatants A, and A are dotermined by the
condervatlor of total current and flux withia  the
plasma  column. Fnforcing pressare 1V lance and
Luteeracing  over the lsotharmal plasma  croed=
seetlon resule s in the apatially=-averaged
pararters used for the caleulation of burn
dvnanics. A numerieal caleulation af  rhe
nulti=specivs plasma (lons, electroni, and alpna
particlia)  follows the plasma rading (l.e., fleld
teversal aeint) with rime In conjuaction with the
yoltiaae:  and enrrenta jn both  the  piasma and
asnoncfaten electrical  elreultry. Alpha=parti«le
thermalization ualng a4 Fokker=rPlanck lormalism,
ohr. hoeat [ny usiny clawileal eslarisdey,
radliition  (8remuntrahlung,  evelotrsn,  and Hine)
Josses, and anomrtoun (radial) thermal  condoet fon
aml particle diffusion are included in thi:
tlme=dependent moudel. A part of a continuing
paramet rie analysis  and  refinement  of the RFPR
coneept, a4 more 1ealistic ome=dimensional cradia Y
plamma  mmiel  has  been deceleped ana .||lp||--u" to
the pofat desfgn reportad hereln. e cesaltys of
this corpapison and podsible altoerat bms dn fuegre
REPR desdgn poiatg are alao diseusaed,

A Meidan Podat wterndnat {on

An optimal barn evole for the REPR I8 oae
which  the plaway olind cally heats to fgnlt bon (b=n
keV), alpha=partic]le hoating incroanes the  pl ana
temperatate to 1000 R amd tronapor:s Jouaed
nubsequent vy matoradon a0 thermally  qrable burn
unt il fther o afpgnifleaat teel Suranp occnr oor
the malntenanee of a4 steady=atate hurn in a tuelwd
aydat A U porntrteds AL fusestigattona ot burn
vve Lo are baned on batch operat ton fn which  the
fulvfal 7 charme 44 partially burn ol quenched
aml Floushed trom the avdatem I preparation for o
wihiequent hurn eveles Thid pProvedure clPemeent s
the peed for hath dldgectorn tor dnpuritv/anh
romo 4l and e dnfertde of fael dur fog the harn,
Reddsp- ool e el alected paland-power  vegqulrement o,
Teaging to a Lilther s tieny Ing O=calae, 00 Lowetr
cont b oanmd v aduecd they will o cvelime of the e
wally, make the  oteady=atar s opt{or attraet e,
howeedory il warrant tarther atmdy,

Ihe atartap tiee b taben as 1IN0 ol the
e P ot vlmaent time, whibch T oat fmated (o an
oo be o reartor planmas v conduet g
Tlewt wally, with an electrteal abbn depth ogual to
the  atareun time,  atobidiaen the  pleima anld
provates Pt pegerad] aneldng the Dl atartap
phuvies  An It fal Ty, andtorn torstial Vel B,
fu saperposed  onto an cpcreaing coraidy? ;ll.l-'---n
curres el veualt e tno tleld contfenr stfon that
[ thmt L to n tok.amak, is dnftially
et il ae ] nvnten (lav,, q o ) it he
tranatapmed  fnla a Wisher REP conl fsarat fon '
preper tield  prograanta uelfervcoratl 0 the
mapet Lo pletda o vomhinal fon thereol (e,

asgsi~ted self=reversal).
du: tng  tnis  getup phase
turbulowee similar to or
exhibited in tokamaks may result.
fncureed dorany thia atartup  are not
have not been explicit y included.

Burr  cyeles w-re adopted chat operiate near
the mi-iloum-vnergy plasma state, nas  Adefined by
Taylor‘, and beta limity edqtablished by renistiie
MHUD ca'cuiationa®7 were enforecd. Qorntlng near
the RFP minimum=cnergy dtate fequires 0 = |,5=2,0
and F r 1.N. Maximum pololdal hrtas of 0.75-0.40
are Inferred from resdlacive<MID stabilicy caleula-
tionH. Tranapiit  scaling for RFP plasmas s
unkn-wn altheugh  use of  aecepted  tokamak
sealfng ~10 g{ on an anomiloun  eleetron  theraal
conduction with an epv, gy confliuement time 1 -
200 Ly I ammomalous transport would be  cauded
by 19ea]  fuseab!1ftios  ard m1y be the - .ulr of
predsurcedriven  modes, such  an the vainrive
a=mule. A Ry {u [nureascd transport woold he
enhane. d, and a ' poloidal=beta limit at which the
burn  temprerature wuld saturate results, vieldiag
tnermal atabllicye The use of  at enbaeced  Joss
ploen by 1, = 3 1 hm T lods mechani=m that
in drliven explicitly ﬂ‘y a limiting bera!” ploe
gimilar results for reactor slaes of economle
interest (r, = 1= m),

A typicai kFarn trajoctory ror the RFPR as
shown  In Fige 4 uaing 1, = 200 “ha ad o tha
anomlovys eaersy loas time. A ther “‘v 4tihle
barn  rFesulen ot 0 nearly sptimal temperaturs ol
0= keV, resultine In o1 Jnel burnup | NN, A
polotdal heta ot 0% {a reached during the hura,
whi=h 15 ultimately terminatad as tael barnan and

Stability and quies enee
geema  unlikely, and
greater than that
Energy lodsesa
known an.
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alpha-particle buiidup caune the 1on  temperature
to fall bhelow R keVe A similar trajectory ia
produced using an anomalous losa rate dictared by
A limitina bera.!? In cither case the burn
trajectory s in good apreement with that
s pruetited hy  the high=f modeld  for a minimun-
enerpy configuratlion.

The burn trrjectory shown fn Plg. 4 (8 used
a1 the reference  case for evaluatlon of reactor
performanece.  This thermally stable burn  achieven
fgnition in ~ 3 A, The ~ 15=8 barrh burn I
followed by o 2=) 8 quench period during  which
time the *rapped magnettc field  and post-burn
plasma would be thermaily dissipated at the f{rsr
walle Flushing the aystem with nentral gas, vhile
eoni Inuoualy ovacuating  the alpha=partiele  ash,
readies the chamber for the subsequent butn cvele,
The burn cycle 1a sudtalned for 2l.h 5, and § a is
allowed for evacuation and refucling: the total
cyele world be 2608 9,

Terminatlion of the 'wirn oceirs  as the
torvadal  ecurrent I8 decteased ginunoidally by the
externa! etrenltry, allowing the plasma ta relax
to the walles The plasma would then be confined by
the tirit wall, where aeat lows I8 controlled by
radiitice  procesddges and thermal conduct lon acrona
magnetle Meld trapped inuide the plasma. The
tnrroduction of neatral  gas!? during the quench
period ashonld permit of fiefent enerpgy removal  n
the destred times All of the fleld trapped {nulde
the plasma at quench {4 eonsnry S{vely  postuiated
to e pheemally dissipated  at the firet wall.
Frploving a emtrolled randown In which the sladma
current 1A decreaded as the plagma o lpe cools may
alhaw a large fraction of the trapped fleld to bhe
released  and  recoveroed, Sinew = 4045 of  the
recitoulat e olectrle power s ro juirod ta
repl e this dbssipated (Hold enerpy, wlentrioant
Inereaster in the enpinecring Navalue will vecar (1
a pertion of thiv quench Fleld v rocoersld,

B me=nimensd wal Plosma Staelat fons

A eomparlaon with e ane=dimenhima?
(radt o) MDD mode? a0 guet bt g
dictiont o the polnt modal ™ Faiabtahing
Pasl=*teV yentron wall I-:n.li.-.y. near  the
dentanl (v MW/m )y, while Sl et
malnt vivcing 2 sitmllar  power  output Haes the
plasea Hne denqaite at Laam? m'I A plot of
L plawma Q=palne, 04 veran the dnitial hilan
munet e {eld on oaksy, “_’ o I ahewn In g,
which [Hlusterares that the l’)--.'nllu- Increaguaens s
", deere e heeauae of the rodueod quant fey ot
mam t b eld rematogoe [ b rovd ot frels

btvapated I the pocrhary plovaaa, tn, Aa
. v helay 0 AR T, plaisma (gntibon 1a et
prointhileg A corparbam helweey 15 aplle] sl

poatatesnel catent ton vl the ono-dimensodonal
apti g ad caleet i ton b s In Pable 0 A
notel o P les Sy the pelabdyl aera fnere e Trom
Dl sn 0] e the mapnet T Plelda are pedoewd,
Ao hlehy Phie . beta veealan within aab e
Limtr presedte badd Nee fedoai YD theoes, LI T
bt v Viafra are entoreod, the deeredaae I wv-iten
pervter=sance ol fnerepnal o anlt o coat o doea not
hoeveme aepiont oantkl the maddmam allowable g
Palla halow el M Ui depemdent oloction
el bon teemopatnrea 0or the = L% e e

ta Hw o ate plotred qn ‘,v,. hoalong with the
Fr vt tonal saraap and coloptal hera, he  targ!
power  compated by the one=dimenstonal ol g fon
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Figs 5« Dependence of plasma N=value and

assoclated maximum  pololdal  heta an *he Inircial

torold:1 blas Flelds

fan within %% of that determined by the zoro=

dimentional mude]l (Tahle 1),
1Ve _Reactar Fagine cing amd Teachnology

The  phvafes principles dearribed in See. 11
ant the burn  simulationn  dederibed in Gee, 111
hase been combined In a param-tric study to pgiye a
cont=optiml sed tloginn peint hy which oy
englneering and  technobogieal  dgsues conld  be
vamineds Tahle 11 glven o summary deseriptio o ol
kev react o parametorys that hays emerped trom this
qtudv, A parallel  but Independent, reactor
stndy 71 yieldn plasma eharactertaties  and
reactor pert crmanee Clode to thode revortoed pere.

As beseripod o of Plant operat ton and Mafintemnes

The RFPR dealan preseated hers amld operate

i an unretueled  (bateh=burnY  svutem o whichy
predontsatien,  tield  roverdaal  and  Ignitlon by
ohnfe heatlng would seenr In a run=ap period t,, -

Du) 40 The transdent burn would  ocend for
o= dMabh v dn o LW /7=m maor radiun torat with g
I?r-ul-wull tadfun ol te 1e5 me Appronimatels
WOt ol the DF tuel wonld be consumed, vielding a
Total therma' eoerey coach pulae ol %R @) ¢ o0n
MUt avee e thermal power) amd an average Duson
neut Fon wall cures ot ol Jol MW/me, e
recirenlating  power fractfon Tar the 750-Mdoe(net)
plant woenld bhe oy = ll')'. - N1/

e 0 one=pul sl operatton a0 depleted by
Fige 7 10 torec o the polofdal tiehd eog ] (PEC)Y
rrrent, 'g,-. the taratdal plsmy corveat, 1, and
the tefordal Ploebda, Notnltiay Aand
-||"( teseraalyy, e tarahlal o ||'1“ eafl (rr"a In
tarat eperagsed ta prsdugere o ooanltorm torogdal Yaa
Hield W = ban T W thic time  the plauma s
profostsed,  amd 0 conutaat enrvent, 1 L L MA,
fa 1 owlne in the PR, Mme e Yarrem {n
rosaed e the prousnce ol the |||H-I|'M|n-|'.|ll||'n
but olectrically conductinge plaama b wwlited fpp
the  PFC wpepaes temporarily ta 0 hamopolar
motars ener itor (y capacittee elosont)  amd then




Table I
Summary Comparison of Erergy Balance for
Zero= and One=Dimendional Burn Models

one=
Zero- Dimensional
Dimendlraal Burn
Paramorer (Mi/m) ____ Burr__ (Optimi-ed)

Burn time (1) 21.6 22.
Initlal plasma energy 0.05 1.0
Final plasma unu{gx 2.5 3.7
Radiatlon cnergy(® 0.1 19.3
Ohnic heating energy ial 8.9
Plasma cnergy loss b
(conduct ton) 147,58 4.7
Plasma expans{on cnergy 0.7 n.0n
Eddy current losses in
the blanker/shield 1.5 —-—
Magnetic=filold encrgy
fosfde flrst wall at (v
end of burn eyele s1.67) 0.6
Mapnet le=f {old enerpy
Ltrapafer losios R.(D -—
Fus{on netnzron energy

(1441 MHe') A7hH.5 LI T
Auxillary/neateon enorgy
requirenent « lh.i(ﬂ) ——
N, = (oulen onerar )/
(vlmfe & finld onemyy) 14.4 20.4
<")Hr"nuquuhlnnu and line padiacion.
(h)hnqud on an energy conflnement time  equal  to

200 pahm diftaslon rime:.

('.)-l mlandficane fraction of thid enerpy would he
recasored during  plasma carrent pamdown ond
qu ach (= 0% recovercs i RFPR reactor alendan)
('”h.-l'u--l on oA 5% eff{elont fuditettee/capacitive
teandleor from the homonolar mitor/penerator
(eapacirive) ta amd brom the magnets,

(")lhu ervapeinle ayates requived for the saapercon-

Anet fnge mapgnet s condime 21% of  the auxtflinry
andisrae
n " ! rr me— fn
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Table 11
Sumaary Descripcion of PFPR Design Partneters
Parameter Yalue

Firut=-wall radius, ru(") 1.5
Maior radius, R(m) 12.7
Toroldal plaem. current, I, (MA) 20.0
Toroidal field at rhe coil, B.C(T) 2.0
Poloidal ficld at the coll, BOC(T) 2.0
Toraidal conil energy, H“‘(GJ) 3.7
Puloidal coil onergy, H“o((:J) 11.0
Fleld rise time, T“(l) 0.1
Burn time, TB(') 21.64
Sycle time, T.(9) 26.H
Average fuel gurnup. £ . 0.5
Average plasma denalty, n(lO“n/m]) 2.0
Average plasma temperature, T, (keV) 15
14.1-MeY neutron current at f‘}st wnll,
I"(.*Nlm") 2.7
Fngineering Q=value, N 5.R
Reelre 'lating power Fraction, £ = 1/Q 0.17
Averape blanker power denslty, Ty, .(-“Iﬁl'm‘) Y]
Averige Aydtem power density, PSY\"%H‘”“‘) n.n
Total thermal power, Po, (MHL) ’ 3000
Nur electrieal power, FF(MHu) 750
Net plant efficlency, "I'; - I.T"(l-. ) 0.25

(RN

Figa 7. Tepileal RFPR barn evele depletad dn teran
of  plasma enerenty,  polotdal  coll  curvent  awl
tarnidal rield,

ductfng, ecollas Mpon reversal ol the PG currveat,

n plasma carrent {4 fndiced dorfop the time  when
thae tor ddat field cant fnuen LRl revon e
fnduct fenelye A homepolar motoe/penerator {4 alae

el s the mata vnerpy store (Yo G0 tor the ¢
ayeatom, The tarnbdal Cleld altimatoly pevceyaes In

the  csmm/hlanket Zsh e ld ropton between the pre
mdd the planma salpe,  the B field wiihtn  the
Wighlv=condueting  plaama ’;--Inr, trapped and
romalnlne posdtf2es Wien torabdal fEeld (a0 talle
reL et ontble the plasaa o aldne =Ry ol the
plavma cavrent han peachoed 2 moavimum, |-.-|{| I"Fe and

TR v toeer are Mepmdaareed® tlaea, the homopolars
nre sborteeiveattod from the cotibady, Wath 1, and
-ll‘ are malntatned  conat t theoaghont the bgrn
period, vy by et epeveraal seehanim thae o {a
chat e l‘.-u-ul hy an o eneraey oopt fpesent ot fiae
T = 'on Flypate 4 duept. 1t hee P e
nlu|wn-|-- we fon  and electrm temperat are,

Practbonal aaap. e  huin

" abp®
[}



dacrenncs below 8 kev because of fucl burn-up and
anlpha-particle nccumulation. At this point in the
RFPR power cycle the crowbor switches in both the
TFC and PFC electrical circuits are opened. Using
the homopolar motor/gencrator aa a tranafor
element, the PFC current 18 again reversed, and
the 1sarciated energy is atored in the Supercon-
ducting PFC. The toroidal field energy not
trappod ia the plasma is also :ranaferred to the
homopolar motor/generator used for the TFC energy
storoge. All field energy trapped within the
plasma 1a nesumed to be thermally (issipated
duriug the plasma quench. The coil/homopolar
tranifers occur with an intrinale machine
efficien~y of 95%. Paracetric studies! show that
the reactor performance ia not seriously degraded
until this transfer efflcloncy falla below ~ 807,
Cooling of the postburn plasma now occursm. A
quench  process  that is limleted by  classical
thermal conduction and resistive ficld decay would
be prohibitively long. Generally, it is supposed
rhat neutral gas would be added to the plasma and
{nstabilities would occur to aid in a timely and
controllable plasma quench. The postburn plasma
enerpy (2.5 MJ/m) and the asaociated trapped Field
energy, (21.5 MJ/m) auourt to a total firat-wall
enersy densiey of 2.53 MI/m”, which Ls assumed to
be uniformly deposited on a ~ 4=8 timeAcale. For
~5 48 after inltlating rhe plasma quench the
continuonualy  operating  vacuum system would purge
tae 5A8=m’ plasma chamber while fresh DT gas would
be added.  Typically, the baselir» nicady=stace
hellun eoncoentration would b maintalned by this
cont inuous purpe at or below ~ 1 atem 5. Figure A
plvea the time=dependence  of  Important  plasma
pwers romputed for this design.

The pow: r=plant  embodimenr that has  heen
developed on the hasis of this reactor operation
15 depleted  In Flgas. 9 = 13. The loS=m=radiun
plasaa chanabor {4 formed by A0, 2-m=lony flrst-
wall/blanket/shield modules, four of which are
deptleted fn Flpo 10. Flgure 11 glyes an (dometrice
viow of thr reactor, an clevation view In
presented In Fige 12 and Fipe 1) sammarftes  the

0 p—e— e s oy ey [ T [T

l'."' ?hmiton

lgr 20,0 MA

\ DENRTS

MASMAZFIL D

—
N8l Mev)™—

i ]
-ulmla oo LNENGY Dby
i e — .
"~ nroin SIARTYP
- auihen
.~ L R

\

sAh
LY P e .
' (] M
* T THAN Us) !
Fip. 4 Tl dopondence nf met o, |'|:.

conpdin 1 lony, I‘I'H‘.'Il' aml oradiat fom, 0 \ps 1w 1 luy
AL UFPE el wal The powog hux v fatal
with the pdvana/efald sdmp 1o vian A wm.

v

/— Tharrmal Barrer

Heager Biankat Coclend Water Supply
/—Hmn Riankyt Coglont Heturn

'I g. szl' .zl.—"' f Swuniem Steel Struciun
A .

(pRcerfe)
1-mm ¥all,
125-mm 0D

Coppar iangr Well

v(lrunl Ta Stamiess
Inner #all /J Stenl Suthue)
Canlen' A'nlar Lhonas

Plawma
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reactor mdaten fncluding the copper Tirnt wall,
LELO packed bad anl adcocfated hish=presnurs ntoam
tufien, Tendback collay water shiohl and  toroldal
finld colfl,

major conlant tlow  for thin svatens The 10 f-n
miajor=rading torun {a conntructed within a eaenum
tannel - ml da conpletelv detached from the PPe
nyntsme A deparate wter=conloed copper firat wall
(0= thiledy provides an eleeteteally conduct tnp
Ahell and sperater mear the blaber temperataree
(h Py, e Naw=m=thick atalnlewg=ateel hlapkot
contiine gy ANl LEo packed bl Inta whileh
penctrate radlally TwaterZaream=conlod Papuhoa
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drive a turbopenerator  directly, the firat=wall
wiater eonl.ant belng nsed anty  for fecdwater  and
reheat e tlond. ¥For the A1T duty factor
characterising the hurn eyele depleted in Pip. R,

the fatrianle thermal  capacity of this bianket
cond bguratlon  reulea In fonn Uhan " ¥
tomperature evele within  the alanket ateweture,

althonph  the firnt=wall
undorgoen a M=t oxenrdlon,

The witer=conlod  bhlangel  mlopted by thia
deslan wat prolited 1o he fnherept ly mare
ceapmleal than desfana autng tlowin, Ttguid metal
ar hiph=presau=e hollnm cociant a, Conaerent e ly
Liatting the coppor flrat=wall conlant temperiiuee
to "W v hawesor,  redquleed 1 nepatate waler=
vaolul wit'ch  vonld  bhe aned oy far
fondwater heatlng (not dhown o Filps 1Y) . Siln
AT o1 the total thermal power ta romeesd by the
firatewall conlant elienlt, [ne bud i ny the
plasma/tioll energy dump and 11 alpha=part (e te
enerpey . the oorall thermyleeonyerafon ot fe foney
L computad U be oanldy JRY compared tao WS foar g
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Fig. 13. Line diagram for all major subsystems
nceded tor the dircet-steam=cycle RFPR.  Not showmn
{3 the separate first-wall coolunt loop that would
primarily serse reheat functions.

comparabls light-water=cooled fisslon  renctor.
Pariae ric studies shew! that operating the first
wali at the blapnket coclant temperatures would
Lacre s the averall cycle efficiency to 2915.
Inereas.ny the blanket/first=wnll conlant
Lerperature by 100 K above the valued reported  in
Table TUI would result in a 3152 evele eftlelency.
Nigher temperature operation, howeyer, would
require  a reassessament of the wde of conventional
hlanket amaterlala.

An {mportant

obhjective of the preliminary

plant  layout depleted in digs. 11 and 12 a8 vo
auantify the reactor malntenance  proccdure.
Addirlonally, the prellminary plant  lavout is

uaeful for eatimates of plant  capltal and  power
coNLH, which are  dummarized In Rel. 1, An
Jopleted in Figse 11 and 12, the rwo mijor coll
syqtond  that  drfve the RFPR would he permanent iy
fixeds The PFC gystem wonld  comdint  of  larpe,

Table 11T
sammary of gey Neatvonde and Theraohydraul e
ParameLoern
Parwetor Value
Teitlun broeding ratio 1.11
Nuecloa heat jue In the

blant et (MW/m) 2%
Nuelear hoat ine Ty the ahield
(MW/m) 0.0
rotal cnerpy deposited Into
Flrat wall (MW/m) IET
Total rated power (MWt /M) a0/ 740
Syutoer proddanre JMta) 5%
Firat
Wall Blanken
roalant 1low rFate (ky_/'a)(") Vg M.t
Inlet temperatyrs (K) inn (LR
ot Lt Temperature (R) 910 LX)
O

‘l""' modulo, A0 Aodnled comprlage the reactar,



superconductors (NbTi/Cu/atainlass-steel) that
encircle the inner and outer major radli of the
reactor. The PFC ayatem would be permanently
fixed to atructure associated with the wallas of

the toroi{dal vacuum tu'.ncl and would not interfere
with procedures nceded to remove any of the 40,
2-m=long modulen. The TFC system conalsats of
twercy low-field (2.0=T) circular coils thar are
positioncd over alternate reactnr mndules; each
NbTi/Cu/atainleas-ateel TFC would have a 3.6-nm
radius, a 1.2-m length and 0.5-m thickness. The
current diatribution in the PFC asystem would
afsure that the vertical fleld component (s
sufficient to maintain the plasma {in toroidal
equilibrim. Small, normal-conducting feedback-
staouilization ¢ ils would be placed between the
blanket and alicld (Fig. !0); these slow=pulaed
colls (< 10=Hz) are considered part of the reactor
module nsgembly.

A number of vacuum entry achemes have beeun
considered. One acheme uses a mobile remote-
handling 'nit and life-support system that would
be poaitioned nver the reactor medule(8) to be
repositioned The mobtle remote~-handling unit
vould be sized to contain only one replacoment
module. The unit would move in the reactor hali
above the vacuun tunnel, would make a local vacuun
aenl and, after the unlt was evacuated, would
disconnect and remove a  4-m=wide by 8-m-long
vacuun cover plate. Two toroldal field coils and
approximately four reactor modules  would be
expoded and dlrectly observable by maintenance
personnel situtated In a control room  associated
with the mobile replacement unit. An alterpative
scheme would simply bhring the entire vacnun tunnel
to atmcspheric pressure (inert gas) and use only a
moblle replacenent control Toom to remive modulen
firyt tn the reactor hall and ultimately to a
stawlon/repair hol cell area (Figs. 11 and 12).
In all 1likelihnod hath maintenance scnerns might
be used; the mobile replacement unit would be
enp loyed nniy for unscheduled maintenance, whercas
the latter approach would he used during a mnjer
reactor  overhanls A third approach would operate
both the vacunm tunnel and the reactor hall under
vacuun; the vacmm bullding approach was not given
detalled conaldesation. Thre method by  Jhicl
blanket and shiceld mouules would he removed {a
deplictod in Flps. 14 and 15 The PFC aydtem s
nnt shown, naince It would not fnLerfere with the
modiu’le replacemont operation. As noted previous-
ly, the TF( atructure would be fixed and would be
sufriclently  open  tn  pe'ait removal of
blanket/gileld modules by simple teanslatinnal and
vertlcal motfonse  Each 2em=leong by V.S5=m=radinu

module  would  be  hydraulically  and colecteleally
Independont,  As shown  In Fip. 14, a  S50=toane
homl =rv] Indriceal ahfeld tank wonld he Lifted

hetween the svationary ~aroldal tleld eofly, aftor
dralning approxinately 25 tonnes of borated water.
Three firstewall/blanket madiules, ecach welghing 60
tonne s, would then boe  removeds The suporeon-
ductlng mignet colly are conafdered to be  highly
rellible componenty that  would  rarely  neod
maintenance,  Proviatons are mae, howover, for
unoxpeeted outages In thede eallye Roplacement of
a TFC wonld roquire a nuaber  oF  blanket/dhield
moditles to he  removed,  an deqgerthod ahove, Iy
additfon a lower hemf -eylindeical  shiold  sopment
would he  oxtracted Ffrom the vicinum tannel hefore
the TFC (- 70 tonned) rouldd be THfted from the
reactor  asnenmblv, ALl polofdal fteld colla in

l'“.' LY :-4."..' Bk
Fig. l4. Schematic drawing of RFPR modulas,

illustraring removal sequence of shleld and first-
wall of shicld modules.
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reactor module

principle would he directly accensible In sogments
for malotananee  Without disturhiog the reactor
torus  r the vacuum tunoel,

Analyat=  of the remote hand!ing task has nor
progressed  beyvond  the lovel  of  the  forepoing
deneriptions  Given  highly IHahte PFC and TFC
syutomd, cach of  the 40 reacy r modales  wounld
requlre approximately 4=h dlaconnecrions:  twoe
high~presasure (5.5 MPa, ~ 19%0-mm  dlameter) s team
IHnen,  tem hisgth=prossare warer Inen (5.5 MPa, ~
100 2y diamerery and electrical connect fona ta the
alow  foedback  colla. e power densfty In rthe
horated=water qhicld wonld be vory low (0972 of
the  tunfon enerpv, 10 kW/m?) and conld bo pomoved
hy nmitural  copvection and  conduetfon to the
room=t emperature Aaappart  sStraeture, Merhanienl



and reliabllity analyses of this Joining/
diaconnection requirement remain to be performed.

B. Reactor Subsvstems

This long-pulsed RFPR design invokes a con-
ventional, steam=genciating technology embndied in
the water/eteam cooling or a packed Li,O bed,
atainleas-ateel structure and stagnant
borated~water shield. The direct-cycle steam
system 1s not uniquely applicable to the RFPR, hut
adaptation of this scheme wasr made to investigate
the technological and economic tradeanffs
asgociated with the elimination of a secordary
heat-transfer loop. Thisn section addresses
neutronic, thermohydraulic and mechanical deaign
of the blanket. Tritium handling, vacuum system
requl.ements, energy 6torage and switching, and
suparconducting mognet coil requirements are also
briefly described. Reference 1 provides a more
detailed trentment of these gubsystema,
sub-modules

l. Ncutronice Analysis. Two

constitute the RFPR core; the first-wall/blanket
module and the ahield module. The firat-
wall/blanket module consaists of a plasma-vacuum

regior followed by a 20-mm-thick copper first
wall. Use of a copper first wall representa a nect
benefit for trizium breeding by enhancing the
neutrva mltiplic~tion. The blanket s comprised
of a water/atoam-conled packed 11,0 bed and
atalniecss=steel structure (40 v/o "Lizo, 10 v/o
Ha0, 135 v/o steel, 35 v/o void). Fnr the purpese
of th» neatronics analysis all materials in the
blanket were homogenlzed. The shield moduln
consiste of a N.]l=m-thick Cu feedback coll, a
Q. l=m=thick lead region for gamma-tay attenuation
pad a2 stapgrant l.5=-m=thick horated-water (18.0
v/al8) ahicld. Beyond che shiclding are located
the Cu/YbTL nagnetsy.

JFr a 14.1=-McV neutron wall loading of 2.7
MW/u= the total heatlng In the Fflrst-wall/blantet
module {8 28.2 MW/m, with an average power density

in the hlanket of 5.1  MW/m3. The Eirst=-
wail/blanket system recovers ,9.1Z of the ruslon
nentron enerygy. The tritlum breeding ratlo s

1.11 with a toca! neatron cnergy  worth  of
16.3 eV, The ability to breed tritiim without a
nectron mltiplior results from the 1445% neucron

multiplicatlion through the (u,2n) reaction in the

copper flrst wall.

2. Firsr=Hall and Blanket Theraohydeanl tes.
The 20=nm=thick copper first wiall receives 187 of
the total thermal energy produced by the reactor.
This Elrat=will thormal loading {4 much greater
for the RFPR than for an equivatont  tokamak
beeanse of the  agsumed  hateh=harn, divertoriens
operatlon. ™ additlon, the higher Aremssteahidung

flux, wall thirckoess and  (ny!m)  reaction  rate
account  Cor the greater firat=wall thermal f baven
rnd power  densitiens Table 1V summarizes  the
varfont  thermal Inputs to the firat wall. oOne

manifeatation of the (n,2n) react lon in copper can
he abuoreed by comparlng the colunot rie heatinge
rate with that In the stafnledsn ateel st reters,
The firnt=wall oenorgy  Flux resulting trom the
shortor=time  depositlon of  plasma/tiell  enorpy
durine the quench perisd o approxbaatele oquaal e
the Bremaatrabhlung and tnermal  conduetfon  Hhaxes
enemtoered during the burn perfods Connegquent Ly,
the firit=wall thermal  [lux  resdng relatloely

Tabla IV
Summary of First-Wall Thermohydraulics

Water flow rute (kg/s) 1584
Inlet pressure (MPa) 5.52
Inlet temperature (K) 360
Outlet temperatur< (K) 530
Number of coolant channels/module 100
Coolant channel cross-section (mm * mm) 5 x 15
Conlant channei length (m) 9.4
Flow rate per chanrel (kg/m) 0.40
Flow velocity (m/s) 2.07
Reynolda numbar 176,000
Peak heat Elux ar channel wall (HH/mz)

® Local 1.79

® Averaged 1.12

Volvmetric nuclear heating rate_Ln copper

averaged over burn time (MW/m-) 3.8
Averaged surface heat flux (MH/mz)

® During burn 0.86

® During 4=3 quench 0.64
Peak wall temperature at coclant

channel (K) 552
Maximum copper temperature (X) 613
Maximur steel temperature (K) 584
constaat over the entire power cycle F[or the

assumed 4-8 quench period.
The maximum change in the averaged first-wall

temperature is 28 K, and at the plasma/first-wall
interface the tempcorature change amouata to
68.5 K. The maxicum temperature change in the

stainlens-atecl structure immedlately behind the
copper  flrat—wall during a given burn cycle (s
21 ¥« Becant : of the moderate temperature change
during a burn eycle, thermal fatigue should not be

aerlous  for the proposed high=atrength copper
:lllny.16 The {imrsue  of radiation effects and the
relared synerglam assorlated with this  thernal

cyaling, however,
emphasized that the eopper
serve a  structural aor  vacuum=barrier fanctlion
other than the requirement to prererve its
Helf-integrity and to wmaintaln an a-cceptakle
eloctrical reslstlsity.

The spacing betwnen the adlacent  coolant
tubed  In the packed=bed blanket (Fig. 9) wan made
smi1ll In order to minimize the temperature
extremes  Iln the packed bede  The heating rates
vary hy a factor of 9 from the flrat-wall replon
to the onter blanket region, and the average power
density 19 5.1 MW/, The radfal conlant U=tubes,
(Fisge 9) are dpaced on a und Corm rectammlar grid,
projectine radtadly  iInward from “he  onthoard
mand fold:. of the eylindrieal peonerry,
the Hpacing adjacont  U=tubes  luereases
with
to 90=mm In the outor blanket replone Saeh leg of
the Uatube {8 parallel  with a eenter=to=center
apacing of A=nn. Nominally, 5SRO0 W-tvhen  are
requlred  for oach P=n=long modutes e tubes ae
made ot Cralay J=1/% nteel alloy with  an ontafde
diameter of  12.%=mm and o l=mm wall thicknes:,
Fach ronlint tabe aupports external {ing arranged
longltudinally  to entianee heat tramfer 1rom the
packed Ly beds e reqults of the blanket ther-
mohvdranl [e ealenlat o are swmarized in Table
V. Me maxtmim temperatars change tar a H=tube
darfng 0 power  pul e amount only 7.4 K

requiros further studv. It s
first wall does  not

Yetween
rading From AG-mm near the firet=wall roplon

to



Tabhle V
Results From Blanket Thermohydraulics Calcularions

Paraneter, Value
Coolant flow race (kg/a) 788.4
Coolant flow rate per

U-tube (ka/s) 3.37(10) "3
Inlet temperature (K) 333
Outlet temperature (K) 551
Nominal coolant pressure

(MPn) 5.5

Heat flux at U-:gbu inside
diameter (MW/n°)
Volumetric heating rate in

0.43 - 0.066

packed bed (MW/m°) 9.42 - 0.7
Coolant LL velocity

(%./8 n%) 38.9
Coolant Revnolds number

® Water inlet 4.74(10)®

® Steam outlet 22,000
U-tube pressure drop (kPa) < 1.4
U=tube wall temperature (K) 475 = 781
Because of the large thermal capacity and low
thermal diffusisity of the Ltzo powder, any
auxiliary thermal storuge to maintain 2 constant

outlet coolant temperature appeArs unncceAasary.

3. Tritium Mandling. Tritiim isolation from
both the first-wall and blanket conlant loops has
been assumed on the basls of preseat understand=
ing. Low-levels of »xygen in the packed=-bed,
presumably  present  fn renctor-arade heliem or
released by the destructlion of [L1,0 occurring
durlng the oreading process, will rapidly exidize
praeous T, Niffusion uf TZO through steel at the
temperatufes oenvidaged  8should he negligible.
Isolatlon of tritlum gns in rthe plasmn chamber
from the Flrast-wall coolant water alse appears
feaslble tn that diffurlon at the 613=-K pea,
tomperatures wanld tr rineiple lead tn neptinible

tranaport  through  the 20-mm=thick copper  that
geparates  the plasma chamber From the first-wall
conlant  channel. The tritium  contalnment  and
Inalation questlon, however, remains far  From

resolynd for an actual enplincering system  {.o.,
aystems  with niatas, weldments, three=d imenginnal
shapey, otea). The malntenanee of a tritlmm=Cree
firat=wall coolant Ll prnbablv more uncertaln than
for the hlanket ~oolant system.  The separation of
conlant  loops, however, may permit operation of a
allphtly contaminated firge=wall loop, If neces-
nary, althouzh the lmpact of thia operational molde
on the owerall  fuel balanee  remains tn he
quantified, Lantly, detalled parametrels stadfon
of the tricinm  releane  ginetles from the L4 0
packed hed have hoen mule, ! but the seriowmens ot
trittun fuventorey Lawme reomafng to b acearatoly
resolved.

Ao  Nacnnum HSystem. Rout a

A blhiwer o and cryn=
puaps are consblered s potent fal

ecmdldatoy For

the  primiey sennn 4yatepe lwo=atage Roota pumps
haee hiah=pumping  apecd  down to preasure of
~ 107 gorr with stgnlticant redaction In dapend
heliw that levels Theae robnat rotarv-puspy e
well auftedl  to o waint vining 107 toarr in tarpe
aviaten oser long perioda of  time  with pitele

atteatfon. Sealine these pamps to Laraer alees, g
25,000 ¢4 poep would be ~ 2ol m dn dameter by
LA m o dn Leagth and convgme -~ 190 kb'os DMalpg one

pump for each: of 40 module gives a pumping
capaclty of !0? £/a with a rotal power consumption
of o MiWe.

The outgaasing rate from degreaged steeli .:aa
been taken am 107721077 & torr/e m“, which ‘or a
total tunnel surface area of ~ 104 m givea
:-12 t tzrr/s and a minimum base pressuye of
10722107 torr for a total pump speed of }0° 2/a.
Between each 2°-s  burn pulses the 560 m” plasma
chamber is filled with DT to a pressure of
~ 10 mtorr, requiring a throughpur af ~ 200 L
torr/d for which a minimum base pressure during
reactor operation is 2(17)"" torr.

Difficulties vnvisaged by
vacuum saysatem arc the relatively
presaured r Jd *he presence of a
magnetic fileld that ecould interfere with a
rotating machinae. Use of cryopumps Ahouild
alleviate both the basc-pressure and magnetic~
flelds problema. A cryogenic sgystem wculd he
similar to that u3ved for other [usion reactor
designs. Once~half of the capaecity would be used
at any given time, 1llowing for pump regeneration
without intercupticn of the vacuum aystem. lsigp
a cryvogenic punmping apced for DT of 1.3(10) /s m",

using a Roots
high base
background

the pumplng capacity of the 1.6no-m2 Aystem i3
108 t/a, which i 100 timen thet requl d  for
idealized RFPR operation. The pumping speed tor
helima is approximat:ly 75% that of hydrogen,
whereas air 18 pumped at ~ 5% the rate of
hydrogen. Approximately 6.2 MWe of refrigeration
power 13 needed to power this 108 /s cryogenic
Aystem.

5. Encrgy Tranaler, Storage and Switching.
llomopolar motor/pencrators are propnsed to drive
the toroidal and pololdn: magnet ealld. A
detalled  conceptunl engincering design of a l=GJ
homopolar machine with a hlgh-effletency 30-ms
discharge time has heen mndu.iu This machine haw
an active rotor length of ~ 13-m, 2=m~diameter
rotors and Amplne at 277 m/v.  The magnetie fleld
is produced by superconducting Nb,Sn magnets with
a peak fleld of 8 T. This 95% efflelent machine
in miny waya Ls beyound the state=of-the=-art. The
combination of surfare apeed and brush current
density has not been achieved with solld brushens.
Aluminum rotors are proposcd [or the fimat tuaae,
and thiv denign would be the flrut pulsed
homopalar to use superconductora.  These problems
arine only becauge of the lack of  development
effort rather than hecause of fundamental
diffieultien, A modest program should lead 1o a
homapselar hacing good offlclency (> 905)  and
veanortl e (< 14/ Marametric rtudieos! shou that
the RFPR  pertormanes  la not serlously depraded
unt [1 thia efftedeney talls below ~ 807,

Canvenl lonal switehing s conaldersd, wi.h
eloning swlteh enidsting of o parallel-
conmnectod Lanteron and a mechanteal bypass aviteh:
wach  opendne switeh would bo eonatrueted feom a
vacuun tereapter operat b o parallel with 2
mechanieal  hypans switeh Y770 a0 ol fabte
aperat fon ot = 200 awitehed, oach carevine 2% kA,
{5 of primary concern aml providest an fopetua to
doyelop Larger dawiteliing clements (> 100 kA)  with
higph  enerpgy tranafer oftfctency and relfabtli{re,
The tochnolope pecded For these awftehon appears
wtral thtiorwar.l, but 4 ddevolopnent eftfort (s
roequired, Solll=atate awitehea may alwava be
invoked, ththongh ecomeat e conslderat fon warrant
the deyelopment of i tfetent sochmical bYreakera,

warh




6. Superconducting Magnets. Superronducting
are used for borh the pnloidal and toroidal
fivld sdystemd. A maximum field at  the woils of
~ 2.0 T gives a2 maxinum field rate of chanpe of
20-40 T/a for the 0.1-a atartup. This rate-of=-
chanpe and absolute magnitude of magnetic fleld
represent pear-ternm technology ror NhT!
auperconductors. A detalled deatiqn of a 20 T/s

coll with a maximum field of 7 T has bheen made.?!
Petenclal prohlens are encountered with the
coupling of the toroidal ¢ I1 to the peloldal
wyRtem. The enhanced eddy-current Inkses induced
In the toroldal coll can he greatly reduced hy
alteraating the twist direction of the fllaments

as the coll {A wound.
The scranpgement of

colls

mapgnetd in thla design s
unique  and  penerailv reflect  the adiamcape of
plasma rconf incrent primerily by energv-eificlont
poloidal ficlds.  Conacquently, the poloidal field
and vertical rield eofl's are removed from  the
reacton' @ e per de. The resulting ineroase In
blanker  and shivld ncceasibility leads to
operationil  and malntenance  advantages that rar

outwe{ph the ~ 50% ilncreade In stored magnetice
cenerey . ine  bipolar operatinn of the polotdal
call AyNten conultn in the nomopnlar
reLar/penerator dersing only  as capacltive

transter oleanl. Homopalar  morsr/penerators
derse  as an energay store {or the torordal Sleld
colla, which are adequately spaced within 2 D5,
lield=ripple eriterion to allow  blanker/thield
replacenent without disturhing rhose
permnently=1 (xed mannets.

Small, normal fewdback colln must he affixed
t  the inner radiud of the abhield sub=podnle.  The
alow (~ 10 H2) feedback requlrement s, corl deslnn,
power supplina, and Inat rmentat fon/~ontr 1
Hyitons hae not heen  specitiod. Al thogh
preliminary estimates fwdicate arceptable  enerpy
cansmpt lon and technieal foauihllity, thiz
important {faque mist he addressed in conafderably
mare detall.

Ve tonelbatona
A4 for most concoptual  ftadfon  reactor
Atidfesy the crsadh b ies ol Coaadbitity o mont
onpedneor] sy syatens 1a ciermiand In larse part he
the phvciled ammed to generdate the roaet platima
modoel  and  related  enerpy balmeeds Enovpy Loss
From the plasma Tneaersd during foftiatlon awml
aatsnanes of - the  {{oeld=reverdged  cont fpnreat fon
repreents the mijor aneertainty, The  plasma/
fiehi/ttra=wall reaponaee drfng the raadown pl
ot the lang=pul e power evele preaeata a aecopd
fmportant wneerbainty. Within the constrainta of
the aompt for s mide tor hoth
and PovnadBle tochnleal dealona
for all empneer b sesitern v been Blent (8 Lo,

cperpe  cont fee n?

rindown praves posag

Farty oogore, ottt b ofty atwdbeq of 0 e ot laenen
of kes o phealos (e bty i s ineer o
par et . (le wy e, s tranmtlber/ aaraee

etbefonecy fdbe ite that 0 pelat ey aale margin

tar orror oxtat i helape o qere o dose wefat fon 9
EE vatem perlar cee ol oenat s baearred,

Ta mmy wavd The REPR prevent o abegr bl
aputiey o whfeh b oxamiae the technfeal il
ceanenle feerdWi b ity of magnet e tebon powdien,
vioon oy faeot thle resnlat ton of the abo y aen fone |
phocaden e, Me  realdes ol Tt by
fadl are that o ettebent powepr plaat mayv ecoper o

Poevr e relat gt ely Tow techoed el regquttoment

emhod? od in e heating an‘ batch=burn
operation. Spec.:ically, the postponement nf
advaneed  heacing, fueling aml ashercmoval systems
from the First=gencration power plant, vhile

similtancously operatine with n strong promise of
high efficloney and 1ow  cost, could lead to a
lower=risk approach to fuslon power. fnce
uncertainties are reselved and  cexperience in
gained through  batch=lurn operatlion, impravement
of system puerformpance cnn be achirved by
incorporating fueling and naah-remosal  systems,
leading ultimately to a steadv-etace power plant.
Thede !mprovenenty would be achieved from toe
atronger technolopy base and operating experieac»
thar eould bhe built from economic, batch-=burn
oprration.
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